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There is increasing evidence that epithelial–vascular interactions are essential for tissue patterning. Here we identified components of the
molecular cross talk between respiratory epithelial cells and pulmonary capillaries necessary for the formation of the gas exchange surface of the
lung. Selective inactivation of the Vegf-A gene in respiratory epithelium results in an almost complete absence of pulmonary capillaries,
demonstrating the dependence of pulmonary capillary development on epithelium-derived Vegf-A. Deficient capillary formation in Vegf-A
deficient lungs is associated with a defect in primary septae formation, a morphogenetic process critical for distal lung morphogenesis, coupled with
suppression of epithelial cell proliferation and decreased hepatocyte growth factor (Hgf) expression. Lung endothelial cells express Hgf, and
selective deletion of the Hgf receptor gene in respiratory epithelium phenocopies the malformation of septae, confirming the requirement for
epithelial Hgf signaling in normal septae formation and suggesting that Hgf serves as an endothelium-derived factor that signals to the epithelium.
Our findings support a mechanism for primary septae formation dependent on reciprocal interactions between respiratory epithelium and the
underlying vasculature, establishing the dependence of pulmonary capillary development on epithelium-derived Vegf-A, and identify Hgf as a
putative endothelium-derived factor that mediates the reciprocal signaling from the vasculature to the respiratory epithelium.
© 2007 Elsevier Inc. All rights reserved.Keywords: Vascular endothelial growth factor; Hepatocyte growth factor; Lung morphogenesis; Sacculation; Alveologenesis; Septae formation; Lung vascularizationIntroduction
Reciprocal interactions between epithelial and vascular com-
partments influence the process of organogenesis in various
tissues including liver, pancreas, and nerves (Honma et al.,
2002; Jacquemin et al., 2006; Lammert et al., 2001, 2003;
Matsumoto et al., 2001; Mukouyama et al., 2002; Yoshitomi
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lung and kidney. In the lungs, an extensive pulmonary vascular
network runs parallel to the airways and surrounds the intricate
alveolar structure lined by respiratory epithelial cells. The close
association between the two tissue compartments is essential for
their functional coupling, which is required for respiration. To
generate alveolar structures, the vasculature and epithelium
develop in a highly interdependent fashion. Yet little is known
about the regulatory mechanisms necessary for the formation of
the distal or gas-exchange region of the lung.
Development of the mouse lung is initiated at embryonic day
E9.5 by the budding of ventral foregut endoderm into the
surrounding mesenchyme (Burri, 1984). First, the proximal
lung composed of the conducting airways form by branching
morphogenesis, a process completed by E15–16. Then, the
distal lung forms by elongation, widening, and branching of
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the terminal tubules by primary septation forms terminal air
sacs termed saccules. After postnatal day 5, the saccules are
further subdivided by secondary septation to form alveoli.
Septation subdivides the terminal airspace into millions of
alveoli and is the lung’s elegant solution to the problem of
maximizing the gas exchange surface within the confine of the
chest cavity’s limited space. Mechanisms of branching
morphogenesis that generate the conducting airways have
been extensively studied, but mechanisms of septae formation
that are essential for alveolar morphogenesis are not well
characterized.
The pulmonary vascular system must form in step with
epithelial morphogenesis. During proximal lung development,
primary vascular plexus form around branching lung epithelial
buds by vasculogenesis from endothelial cells in the
mesenchyme, and subsequently connect to central pulmonary
arteries that are formed either by angiogenic extensions from
the aortic sac or by the remodeling of the prior primary
vascular plexus (deMello et al., 1997; Schachtner et al., 2000).
During distal lung development pulmonary capillaries form
around branching distal epithelial tubules, and are extensively
remodeled as the capillary networks become closely associated
with distal respiratory epithelium to form the gas exchange
surface. The temporal and spatial relationship between lung
epithelium and vasculature during their formation suggest that
their development has to be exquisitely coordinated. However,
the molecular mechanisms underlying this requisite coordina-
tion between pulmonary capillary and alveolar epithelial
development that generates the unique structure of the lung
air/blood interface necessary for lung function are poorly
understood.
During the process of lung morphogenesis, the angiogenic
growth factor Vascular Endothelial Growth Factor (Vegf)-A is
expressed by epithelial cells, while the expression of its primary
receptor, Vegfr-2 or Flk-1, is found in cells of endothelial
lineage (Greenberg et al., 2002; Millauer et al., 1993; Ng et al.,
2001; Schachtner et al., 2000). The complementary expression
of this ligand–receptor system suggests that epithelium-derived
Vegf-A may regulate the development of the pulmonary
vasculature in the surrounding mesenchyme and that this
paracrine interaction might serve to coordinate pulmonary
epithelial and vascular development. To address this hypothesis
we generated transgenic mice in which the Vegf-A gene was
conditionally inactivated in lung epithelium. Our results show
that the development of the pulmonary capillaries in the gas
exchange surface of the lung is critically dependent on
epithelium-derived Vegf-A, and that the pulmonary capillaries
might in turn influence epithelial morphogenesis by modulating
the expression of the epithelial growth factor Hgf whose
signaling in respiratory epithelium is necessary for distal lung
development. Our data thus support the model that epithelial–
vascular interactions mediated by reciprocal Vegf-A and Hgf
signaling serve to coordinate the development of respiratory
epithelial cells and pulmonary capillaries to generate the
interdependent patterning of these two tissue components in
forming the gas exchange surface of the lung.Materials and methods
Generation of mice with conditional targeted gene inactivation
The conditional and tissue specific Vegf-A gene inactivation was achieved
by a combinatorial employment of Cre/loxP-mediated gene ablation and Tet-On
systems. The generation and characterization of Vegf-A/loxP, Sp-C-rtTA, and
(tetO)7-Cre mice have been described (Gerber et al., 1999; Perl et al., 2002;
Tichelaar et al., 2000). Vegf-A/loxP mice were mated with either Sp-C-rtTA or
(tetO)7-Cre mice to obtain Sp-C-rtTA (+/−);Vegf-A/loxP (+/+) or (+/−) and
(tetO)7-Cre (+/−);Vegf-A/loxP (+/+) progenies, which were further intercrossed
to generate offspring including the desired triple transgenic, Sp-C-rtTA (+/−);
(tetO)7-Cre (+/−);Vegf-A/loxP (+/+) or (+/−) genotype. The midday of vaginal
plug identification was considered E0.5. Pregnant females were treated with
doxycycline (Sigma, St. Louis, MO) at 2 mg/ml in the drinking water, which was
changed every 3 days, from E6.5 until sacrifice. Genotyping for the presence of
the SpC-rtTA transgene, the (tetO)7-Cre transgene, and the Vegf-A/loxP allele
was done by PCR of genomic DNA from tail biopsies. The primers used are:
rtTA-Fw: 5′-GAATCGAAGGTTTAACAACCCGTAA-3′
rtTA-Rv: 5′-GGACCCACTTTCACATTTAAGTTGT-3′
Cre-Fw: 5′-TGCCACGACCAAGTGACAGCAATG-3′
Cre-Rv: 5′-AGAGACGGAAATCCATCGCTCG-3′
Vegf-Fw: 5′-CCTGGCCCTCAAGTACACCTT-3′
Vegf-Rv: 5′-TCCGTACGACGCATTTCTAG-3′.
The rtTA primers correspond to nt 62–86 and 598–622 (nt 1 is the position
of the translation initiation codon ATG) of the mRNA encoding the rtTA
transgene. The amplicon for this set of primers is approximately 560 bp. The Cre
primers correspond to nt 335–358 and 687–708 (nt 1 is the position of the
translation initiation codon ATG) of the mRNA of the Cre transgene. The
amplicon for this set of primers is approximately 370 bp. The Vegf primers are
located in intron 2 of the Vegf-A gene, flanking the inserted loxP site. The
amplicon for this set of primers is 106 bp for the wild type allele and 148 bp for
the floxed allele. Conditions for PCR with rtTA and Cre primer sets are: 35
cycles of 30 s at 94 °C, 40 s at 58 °C, and 45 s at 72 °C. PCR conditions for the
Vegf primer set are similar, with the exception of the annealing temperature of
55 °C instead of 58 °C.
Histologic and morphometric analysis
Lungs were dissected from embryos and fixed immediately in 4%
paraformaldehyde (PFA) in PBS at 4°C overnight, and then processed for
paraffin sections. Four Hematoxylin and Eosin (HE)-stained sections from each
genotype were selected for computer-assisted morphometric analysis. Images of
each section were digitally captured with the 20× objective using CAST-grid
software version 2.00.1 (Olympus) with a line counting tool. The mean linear
intercept (MLI) was calculated as the linear sum of the lengths of all lines
counted divided by the number of intersections between saccular walls and the
lines. A minimum of 100 intercepts from 20 lines drawn across the lung in an
unbiased fashion was obtained for each embryonic lung. Data are presented as
mean±S.D. Statistical analysis was done using the Student’s t-test.
Immunohistochemistry
Sections were deparaffinized and rehydrated and endogenous peroxidase
quenched with 3%H2O2 in methanol for 15 min. After blocking with 5% normal
serum, sections were incubated with primary antibodies diluted in PBS over-
night at 4 °C. The following antibodies were used: rat anti-mouse Pecam-1
monoclonal antibody (Clone MEC 13.3, BD Pharmingen, San Diego, CA,
1:100), hamster anti-mouse Gp38 monoclonal antibody (mAb 8.1.1, the
Developmental Studies Hybridoma Bank, University of Iowa, 1:100), mouse
anti-human α-smooth muscle actin monoclonal antibody (clone 1A4, DAKO,
Carpinteria, CA, 1:250), and rabbit anti-cytokeratin polyclonal antibody
(DAKO, 1:500). Sections were washed in PBS, incubated with a biotinylated
secondary antibody, washed in PBS, and then incubated with the Vectastain Elite
ABC reagent (Vector Laboratories, Burlingame, CA), washed in PBS and
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cytokeratin antibody, alkaline phosphatase-conjugated secondary antibody was
used and signals were developed with Fast Red (Sigma, St. Louis, MO). For α-
smooth muscle actin immunohistochemistry, Vector M.O.M. Basic kit (Vector
Laboratories, Burlingame, CA) was used. In some cases, antibody signals were
amplified with the TSA Biotin system (Perkin Elmer Life and Analytical
Sciences, Boston, MA).
Cell proliferation and apoptosis analysis
Proliferating cells were detected with the BrdU staining kit (Zymed Labo-
ratories Inc., South San Francisco, CA) according to the manufacturer’s
instruction. BrdU (Sigma, St. Louis, MO, 0.1 mg/g body weight) was injected
intraperitoneally to pregnant mice 2 h prior to sacrifice. Epithelial cells were
identified immunohistochemically with anti-cytokeratin antibody. BrdU-labeled
nuclei in all cells and in epithelial cells were counted at the 63X objective in 10
randomly selected fields from each animal (n=4). Data are presented as mean±
S.D. Statistical analysis was done using Student’s t-test. Apoptotic cells were
identified with the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick end-labeling (TUNEL) kit (Roche Applied Science, Indianapolis, IN)
according to the manufacturer’s instruction. TUNEL-positive nuclei were
examined under a fluorescent microscope at the 40× objective.
In situ hybridization
In situ hybridization was performed on paraffin sections with digoxigenin-
labeled riboprobes. The riboprobes for Sp-C and Cc-10 were generated by RT-
PCR from embryonic mouse lung RNA using following primers. Sp-C: forward
primer, 5′-CGTTGTGTATGACTACCAGC-3′; reverse primer with T7 se-
quences, 5′-TGAATACGACTCACTATAGGGCGTAGGAGAGACACCTT-
TCCT-3′. Sequences of a primer pair for Cc-10 were described (Yang et al.,
2002). Positive transcript signals were detected with an anti-digoxigenin mono-
clonal antibody (Roche Applied Science, Indianapolis, IN) and sections were
counterstained with methyl green.
Quantitative real-time RT-PCR
Total RNA from embryonic lungs was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA) and purified on RNeasy quick spin columns
(Qiagen, Valencia, CA). First strand cDNA was synthesized with 1 μg total
RNA treated with DNase I (Invitrogen, Carlsbad, CA) using Superscript II and
Oligo (dT12–16) primer (Invitrogen, Carlsbad, CA). The resulting templates were
subjected to real-time PCR reactions. Primer and amplimer detection probe
design for Vegf-A, Flk-1, Pecam, and Gapdh were described previously (Gerber
et al., 2000). Other gene-specific primers/probes were designed using Primer
Express software (Applied Biosystems, Foster city, CA) based on sequencing
data from National Center for Biotechnology Information databases. Following
are the sequences for the primers/probes used in the study:
Fgf-1: probe, 5′-TGTGGGCCTCAAGAAGAACGGGAG-3′; forward pri-
mer, 5′-GCATGCGGAGAAGAACTGGT-3′; reverse primer, 5′-GCTTTC-
TGGCCATAGTGAGTCC-3′.
Fgf-7: probe, 5′-TGACATGAGTCCGGAGCAAACGGC-3′; forward pri-
mer, 5′-TGGGCACTATATCTCTAGCTTGCA-3′; reverse primer, 5′-GG-
CTGGAACAGTTCACACTCG-3′.
Fgf-10: probe, 5′-CCGGGCTGCTGTTGCTGCTTCTT-3′; forward primer,
5′-GCCTCAGCCTTTCCCCAC-3′; reverse primer, 5′-CTTGGCAGGT-
GACAGGGAAC-3′
Hgf: probe, 5′-TCTGAGTTATGTGCTGGGGCTGAAA-3′; forward pri-
mer, 5′-GGCAAGGTGACTTTGAATGA-3′; reverse primer, 5′-CACATG-
GTCCTGATCCAATC-3′.
The 5′ and 3′ modifications of all the probes are FAM and TAMRA, res-
pectively. The mean number of cycles to threshold (CT) of fluorescence detec-
tion was calculated for each sample (n=6 for each genotype group) and the
results were standardized to the mean CT of murine glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) for each sample. The relative level of cDNA abundancewas determined by comparative CT method (user Bulletin #2, Applied Bio-
systems) and results expressed as percentage of the level of a control group.
Isolation of E18.5 embryonic lung endothelial cells
Lungs from E18.5 Tie2-EGFP mouse embryos were dissected, rinsed in
PBS, minced, and digested in 1 mg/ml collagenase/dispase (Roche Diagnostics)
in PBS for 50 min at 37°C. The digestion was stopped by the addition of BSA to
0.5% final concentration. The cell mixture was filtered through a 40 μm cell
strainer, pelleted, washed with PBS, resuspended to 107/ml with PBS containing
25 mM HEPES and subjected to FACS sorting for GFP+ cells.Results
Selective inactivation of Vegf-A in lung epithelium during
embryogenesis resulted in impaired primary septation during
distal lung development
Transgenic mice in which the Vegf-A gene was conditionally
inactivated in lung epithelium were generated using a com-
bination of Cre/loxP-mediated gene ablation and tetracycline
(Tet)-On systems (Fig. 1A). The generation and characterization
of Vegf-A/loxP, Sp-C-rtTA, and (tetO)7-Cre mice have been
described (Gerber et al., 1999; Perl et al., 2002; Tichelaar et al.,
2000). Administration of doxycycline from E6.5 to mice bearing
SP-C-rtTA and (tetO)7-Cre transgenes has been shown to induce
Cre expression in virtually all distal lung epithelial cells and in
a subset of tracheal and bronchial epithelial cells (Perl et al.,
2002; Tichelaar et al., 2000). We crossed Vegf-A/loxP mice
with either Sp-C-rtTA or (tetO)7-Cre mice to obtain Sp-C-rtTA
(+/−);Vegf-A/loxP (+/+) or (+/−) and (tetO)7-Cre (+/−);Vegf-A/
loxP (+/+) progenies and intercrossed these to generate litters
containing the desired triple transgenic, Sp-C-rtTA (+/−);(tetO)
7-Cre (+/−);Vegf-A/loxP (+/+) or (+/−) genotype, as well as non-
triple transgenic controls. We administered doxycycline to
pregnant dams from E6.5 to induce Cre expression in lung
epithelial cells and causing recombination of the floxed
fragment containing exon 3 of the Vegf-A gene and inactivation
of the gene in the triple transgenic embryos. The efficiency of
Cre-mediated deletion of exon 3 in the Vegf-A locus was
assessed by quantification of Vegf-A mRNA. At E15.5, Vegf-A
mRNA in lungs of mice with homozygous inactivated Vegf-A
alleles in lung epithelium (hereafter designated as Vegf SP-C-Δ/Δ)
was approximately 30% of that in littermate Vegf +/+ lungs. In
the Vegf +/+ lung, Vegf-A mRNA increased approximately 10-
fold from E15.5 to E18.5, whereas in Vegf SP-C-Δ/Δ lung, Vegf-A
mRNA remained low and became less than 5% of that in the
Vegf +/+ lung (Fig. 1B), indicating that the Vegf-A gene was
ablated in a highly efficient and doxycycline-dependent manner.
In the lungs of mice with heterozygous inactivated Vegf-A
alleles in lung epithelium (hereafter designated as Vegf SP-C-Δ/+),
Vegf-AmRNA level was approximately 50% of that in littermate
Vegf +/+ lungs (Fig. 1B).
At birth, Vegf SP-C-Δ/Δ neonates developed respiratory distress
and died within 1–2 h. Lungs from Vegf +/+, Vegf SP-C-Δ/+, and
Vegf SP-C-Δ/Δ were readily distinguishable by color (Figs. 1C and
D). The Vegf SP-C-Δ/+ lungs were pale, and the Vegf SP-C-Δ/Δ
lungs were white, indicating a lack of pulmonary circulation.
Fig. 1. The conditional and lung epithelium-specific inactivation of the Vegf-A gene in mice. (A) Cre/loxP-mediated gene ablation system and Tet-On system were
integrated in the triple transgenic mouse. The expression of a transactivator, rtTA is driven by the Sp-C promoter in Tg-1. The rtTA binds to (tetO)7 sequences in Tg-2
in the presence of doxycycline, and directs the expression of Cre recombinase. The floxed fragment containing exon 3 of the Vegf-A gene in Tg-3 is deleted by Cre
recombinase activity, resulting in gene inactivation. (B) Quantification by real time RT-PCR of Vegf-AmRNA in the Vegf +/+ and Vegf SP-C-Δ/Δ lungs showing efficient
gene inactivation. (C and D) Appearance of the E18.5 Vegf +/+, Vegf SP-C-Δ/Δ, and Vegf SP-C-Δ/Δ lungs.
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the sequential process of normal distal airspace morphogenesis.
Terminal lung tubules (acini) branch and dilate at E16.5 (Fig.
2B). Further branching and the beginning of primary septation
are observed at E17.5 (Fig. 2C). At E18.5 widespread septae
formation divides the distal airspaces into saccules (Fig. 2G),
and by birth the lung exhibits typical saccular structures with
extensive septation (Fig. 2I).
Until E15.5, lung morphology was similar in Vegf SP-C-Δ/Δ
and Vegf +/+ littermates. Formation of the conducting airways
was not perturbed (Figs. 2A and D). In contrast, development of
the distal lung was defective in the Vegf SP-C-Δ/Δ lung. At E16.5,
distal acini in the Vegf SP-C-Δ/Δ lung began to show abnormality,
with distal tubules being generally more dilated (Fig. 2E). This
became more apparent at E17.5 (Fig. 2F). At E18.5, distal air-
spaces in the Vegf SP-C-Δ/Δ lung were further dilated and have
few subdivisions by primary septae (Fig. 2J). This morpholo-gical abnormality exhibited a Vegf-A gene dose dependence.
Distal airspaces in the E18.5 Vegf SP-C-Δ/+ lung were of
intermediate size between those of Vegf +/+ and Vegf SP-C-Δ/Δ
lungs (Figs. 2G, H, and J). The mean linear intercept, a
reflection of airspace dimension, was inversely related to the
Vegf-A gene dose (Fig. 2K). Airspace size is determined by
subdivision from septation, and hence is an indirect measure of
septation incidence. These observations indicate that Vegf-A
deficiency resulted in decreased primary septation. At birth,
terminal airspaces were expanded by ventilation, demonstrating
the numerous saccules in the Vegf +/+ lungs (Fig. 2I). Ventilation
of Vegf SP-C-Δ/Δ lungs resulted in marked dilation of terminal
airspaces and thinning of saccular walls, likely reflecting the
over distention of the emphysematous lung tissue (Fig. 2L). The
defect in distal airspace morphogenesis was also observed when
the Vegf-A gene was inactivated in lung epithelium only during
distal lung development by treating pregnant dams with Dox
Fig. 2. Selective inactivation of the Vegf-A gene in respiratory epithelial cells leads to abnormal lung development. (A–F) Morphology of the Vegf +/+ (A–C) and
Vegf SP-C-Δ/Δ (D–F) lungs at E15.5, E16.5, and E17.5. Differences between Vegf +/+ and Vegf SP-C-Δ/Δ lungs are apparent at E16.5 with terminal tubules being more
dilated in the Vegf SP-C-Δ/Δ lung (E, arrows). At E17.5, the Vegf +/+ lung showed numerous branching terminal tubules (C, arrow) and areas of primary septation (C,
arrowhead), whereas the Vegf SP-C-Δ/Δ lung showed fewer and more dilated terminal tubules (F, arrows). (G, H, and J) Morphology of the Vegf +/+ (G), and Vegf SP-C-Δ/Δ
(H), and Vegf SP-C-Δ/Δ (J) at E18.5 showing progressive enlargement of distal airspace size with Vegf-A gene dose. (K) Measurement of saccular size by mean linear
intercept showing an inverse relationship to Vegf-A gene dose. Pair wise differences between Vegf +/+, Vegf SP-C-Δ/Δ, and Vegf SP-C-Δ/Δ lungs are all statistically
significant (Pb0.001). (I and L) Morphology of the Vegf +/+ (I) and Vegf SP-C-Δ/Δ (L) lungs at birth. Scale bars, 400 μm in A–H, J; 200 μm in I and L.
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Vegf-A gene inactivation on distal lung saccular development.
Pulmonary capillary angiogenesis is dependent on
epithelium-derived Vegf-A and is necessary for normal primary
septation
We next determined the extent of endothelial cell develop-
ment in the Vegf SP-C-Δ/Δ lungs. Quantification of mRNA for the
endothelial cell markers Flk-1 and Pecam-1 showed a Vegf-A
gene dose-dependent decrease in the Vegf +/+ lungs (Figs. 3A
and B). Immunostaining with Pecam-1 antibody demonstrated
few focal areas of staining in the E18.5 Vegf SP-C-Δ/Δ lung, in
contrast to staining of an extensive capillary network through-
out the Vegf +/+ lung (Figs. 3C and D). The residual endothelialcell development in Vegf SP-C-Δ/Δ lungs may be due to remaining
Vegf-A expression in these lungs (Fig. 1B) or to diffusible Vegf-
A expressed at other sites such as the gut (Miquerol et al., 1999).
Analysis of the residual capillaries in the Vegf SP-C-Δ/Δ lung
demonstrated a close correlation between septae and capillary
formation. Normally, septae contain double capillaries extend-
ing along a clear axis from the walls of the saccule (Fig. 3E,
arrows). The Vegf SP-C-Δ/Δ lung contained a mosaic pattern of
normal and abnormal septae, dependent on the residual
capillary structures. Saccular walls without capillaries had no
septae (Fig. 3F, open arrowheads). Normal septae had mature
capillary structures at the base (Fig. 3F, arrowheads), suggesting
that the presence of capillaries is necessary for the initiation of
septae. Septae containing a single capillary or disorganized
capillaries (Fig. 3F, open arrows) were malformed and had
Fig. 3. Effects of the Vegf-A gene inactivation on vascular development. (A and B) Quantification by real time RT-PCR of mRNA for Flk-1 and Pecam in the E18.5
Vegf +/+, Vegf SP-C-+/Δ, and Vegf SP-C-Δ/Δ lungs showing progressive decrease in endothelial cell development with decreasing Vegf-A gene dosage. (C and D) Pecam-1
immunostaining of tissue sections showing widespread presence of large vessels and capillaries in the Vegf +/+ lung (C), and only few scattered areas of staining in the
Vegf SP-C-Δ/Δ lungs (D). (E and F) Higher magnification of Pecam-1 immunostaining showing normal septae with double capillaries in the E18.5 Vegf +/+ lung (E,
arrows), and abnormal septation in the Vegf SP-C-Δ/Δ lung (F). There is no septum arising from saccular walls without capillaries (F, open arrowheads); septae
containing single capillary (F, arrows) have abnormal shape with expanded mesenchyme (*); normal septae have capillaries at the base (F, closed arrowheads). Scale
bars, C and D, 200 μm; E and F, 32 μm.
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asterisks).
Lung epithelial cell proliferation but not survival and
differentiation depends on the vasculature
The impaired septae formation that is associated with
abnormal pulmonary capillary formation in the Vegf SP-C-Δ/Δ
lung suggests that vascular–epithelial interactions may guide
lung epithelial morphogenesis. We observed that the total num-
ber of proliferating cells, assessed by BrdU labeling, was
reduced in the E18.5 Vegf SP-C-Δ/Δ lung to approximately 20%
of that in the Vegf +/+ lungs (Figs. 4A–C). When normalized for
the total number of cells, the number of proliferating cells in the
E18.5 Vegf SP-C-Δ/Δ lung is approximately 40% of that in the
control lungs. Notably, BrdU-positive nuclei of epithelial cells
in the Vegf SP-C-Δ/Δ lung, as indicated by co-localization of
cytokeratin staining, was also decreased, to approximately 35%
of those in Vegf +/+ lung (Figs. 4A–C). Surprisingly, epithelial
cell survival and differentiation were not affected. Apoptotic
cells as assessed by TUNEL-positive nuclei were few and
similar in lungs from both groups (Figs. 4D and E). Cell type-
specific markers, Cc-10 (marker of proximal airway Clara cells)
and Sp-C (marker of alveolar type II cells) mRNA, and Gp38/T1α (marker of alveolar type I cells) were expressed with
similar intensity and pattern in Vegf SP-C-Δ/Δ and Vegf +/+ lungs
(Figs. 4F–K). Thus, the proximal–distal patterning of epithelial
cell differentiation was not altered in the Vegf SP-C-Δ/Δ lung.
Endothelial cells express Hgf and epithelial Hgf signaling is
necessary for normal primary septation
The decrease in epithelial cell proliferation in Vegf SP-C-Δ/Δ
lung suggests that the lack of Vegf-A and the resulting deficient
pulmonary vascular development lead to disrupted epithelial
growth factor expression. We compared growth factors that
have the potential to stimulate proliferation and/or migration of
epithelial cells (Bellusci et al., 1997; Cardoso et al., 1997;
Ohmichi et al., 1998; Park et al., 1998). Hgf mRNA, but not
mRNA levels for Fgf-1, Fgf-7 or Fgf-10, was profoundly
decreased in the Vegf SP-C-Δ/Δ lung (Figs. 5A–D). We then
determined if Hgf is expressed in endothelial cells. We isolated
E18.5 embryonic lung endothelial cells from Tie2-EGFP mice
by FACS and found that indeed embryonic lung endothelial
cells do express Hgf mRNA (Fig. 5E). These data indicate that
the decreased Hgf expression in the Vegf SP-C-Δ/Δ lung might be
due to decreased endothelial cell development in these lungs.
We next determined if respiratory epithelium is a cellular target
Fig. 4. Effects of the Vegf-A gene inactivation on epithelial development. (A and B) Co-localization of BrdU labeling and cytokeratin immunostaining showing
populations of proliferating epithelial (A, arrowheads) and mesenchymal (A, arrows) cells in the E18.5 Vegf +/+ lungs. Both populations are decreased in the E18.5
Vegf SP-C-Δ/Δ lungs (B). (C) Quantification of total and epithelial BrdU labeled cells in the E18.5 Vegf +/+ and Vegf SP-C-Δ/Δ lungs. Differences in total and in epithelial
BrdU-positive cells between Vegf +/+ and Vegf SP-C-Δ/Δ lungs are statistically significant (Pb0.001). (D and E) TUNEL staining of the E18.5 Vegf +/+ and Vegf SP-C-Δ/Δ
lungs showing few apoptotic cells. (F–K) Expression of proximal and distal airway epithelial cell differentiation markers. In situ hybridization for a Clara cell marker,
Cc10, in the Vegf +/+ (F) and VegfSP-C-Δ/Δ (G) lungs and for an alveolar type II epithelial cell marker, Sp-C, in the Vegf +/+(H) and VegfSP-C-Δ/Δ lungs (I) at E18.5
showing similar intensity and pattern for the positive transcript signals between the two. Immunohistochemistry with an antibody to an alveolar type I epithelial cell
marker, Gp38/T1α, in the Vegf +/+ (J) and VegfSP-C-Δ/Δ lungs at E18.5 (K) showing similar staining intensity and pattern between the two. Scale bars, 50 μm in A, B, D,
E; 200 μm in F–I, 100 μm in J and K.
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activated the Hgf receptor, c-met, gene in lung epithelial cells
in transgenic mice using the same strategy used to inactivate
the Vegf-A gene. We generated pregnant dams carrying
embryos bearing SP-C-rtTA and (tetO)7-Cre transgenes and
homozygous c-met floxed alleles (Huh et al., 2004) as well as
control littermates and treat them with Dox from E14.5 to
birth to inactivate c-met gene expression in respiratory
epithelial cells during distal lung development. Analysis of
c-met mRNA expression by RT-PCR showed successful
inactivation of the c-met gene in the lungs of embryos bearing
SP-C-rtTA and (tetO)7-Cre transgenes and homozygous c-met
floxed alleles (hereafter designated as c-met SP-C-Δ/Δ) (Fig.
5F). The c-met SP-C-Δ/Δ lung displayed impaired saccular
development similar to that observed in the Vegf SP-C-Δ/Δ lung.
In contrast to the c-met+/+ lungs that showed extensive numbers
of saccules, the c-met SP-C-Δ/Δ lung exhibited enlarged distal
airspaces with few primary septae (Figs. 5G and H). These data
demonstrate that Hgf signaling in epithelial cells is indeed
necessary for normal septae formation and suggest thatdecreased Hgf expression in the Vegf SP-C-Δ/Δ lung contributes
to the defective septation in these lungs.
Discussion
Our study identified components of the reciprocal interac-
tions between lung epithelial and endothelial cells that are
necessary for proper morphogenesis of the gas exchange surface
of the lungs. We show that Vegf-A expression by lung epi-
thelium is required for pulmonary capillary formation, and
normal capillary development is essential for epithelial devel-
opment. Interestingly, the deficiency in pulmonary capillary
formation does not affect epithelial cell survival or differentia-
tion, but affects a specific morphogenetic process, that of
primary septae formation. This implicates the vasculature in a
function significantly different from its traditional role of
providing oxygen and nutrients. Previous studies have also
implicated a role for endothelial cells in the induction of liver
and pancreatic organogenesis (Jacquemin et al., 2006; Lammert
et al., 2001; Lammert et al., 2003; Matsumoto et al., 2001;
Fig. 5. Hgf is a putative reciprocal signal from endothelial cells. (A–D) Quantification by real time RT-PCR of mRNA for Fgf-1, Fgf-7, Fgf-10, and Hgf in E18.5
Vegf +/+ and Vegf SP-C-Δ/Δ lungs showing only Hgf expression is decreased in the Vegf SP-C-Δ/Δ lungs. (E) RT-PCR showing expression of Hgf and Pecam mRNA in
E18.5 embryonic lung endothelial cells. (F–H) Selective inactivation of the c-met gene in respiratory epithelial cells leads to abnormal saccular development. RT-PCR
of total lung RNA with c-met gene specific primers showing reduced expression of c-met in c-metSP-C-Δ/Δ lungs (F). Histological sections of lungs from newborn
c-met+/+ and c-metSP-C-Δ/Δ mice treated with Dox from E14.5 showing dilated distal airspaces with few primary septation in the c-metSP-C-Δ/Δ lungs (G and H). Scale
bars, 200 μm.
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by demonstrating the role of the vasculature in a specific epi-
thelial morphogenetic process during lung organogenesis and
identify a putative reciprocal paracrine factor from endothelial
cells that influences respiratory epithelial development.
Inactivation of the Vegf-A gene in lung epithelium results in
impaired pulmonary capillary development and primary septae
formation during distal lung morphogenesis. Development of
the proximal lung comprising the conducting airways and the
proximal pulmonary vessels is not affected. Since the ablation
of Vegf-A expression is not complete, it is possible that the
residual expression of Vegf-A during the period of proximal
lung development is sufficient for proximal pulmonary vessel
formation. Alternatively, there may be other angiogenic factors
that drive proximal pulmonary vessel development. Since
Vegf-A expression is not completely ablated, and pulmonary
vascular formation during proximal lung development is not
inhibited in our model, the role of Vegf-A during development
of the conducting airways cannot be ascertained in our study.
Recent studies using in vitro lung explant cultures show that
endothelial cell development in lung mesenchyme mediated by
Vegf-A signaling promotes epithelial branching morphogenesis
(Del Moral et al., 2006; van Tuyl et al., 2005).
Our results demonstrate that the development of the pulmo-
nary capillaries in the gas exchange surface of the lung is
critically dependent on epithelium-derived Vegf-A. Deficientexpression of Vegf-A in respiratory epithelium during distal
lung development results in an almost complete absence of the
pulmonary capillaries and abnormal primary septae formation.
Since the close apposition of respiratory epithelial and endo-
thelial cells is absolutely required for efficient gas exchange, the
dependence of pulmonary capillary development on epithelium-
derived Vegf-A would serve to ensure the coordinated deve-
lopment of these two essential lung tissue components.
Another lung epithelium-derived factor that may regulate
endothelial development in the mesenchyme is Sonic Hedgehog
(Shh). This morphogen is expressed in lung epithelium and is
essential for normal lung development. Targeted null mutation
in the Shh gene results in defects in both branching morpho-
genesis and saccular formation in the lung (Litingtung et al.,
1998; Pepicelli et al., 1998). The impaired saccular formation in
the Shh-deficient lungs may be due to deficiency in Vegf-A, as
Vegf-A expression is decreased in the Shh-null lungs, and this is
associated with decreased endothelial cell development (Miller
et al., 2004). Shh has been shown to induce angiogenesis in
ischemic hind limbs and in the cornea by the up-regulation of
Vegf-A (Pola et al., 2001), suggesting that Vegf-A expression in
lung epithelium during distal lung development may be directly
regulated by Shh. Interestingly, during branching morphogen-
esis Shh does not appear to regulate Vegf-A expression. The
Shh-null lungs at the pseudoglandular stage show normal
expression of Vegf-A (van Tuyl et al., 2006). However, the
Fig. 6. Model for septation in comparison to branching morphogenesis. (A)
During branching morphogenesis, epithelial tubes grow toward a chemoat-
tractive source such as Fgf-10 in the mesenchyme. Upon redistribution of the
chemoattractive source, the epithelial tube bifurcates to grow toward the new
sources and a cleft is formed at the previous tip, causing branching. (B) During
septation, the epithelial sheet is pushed up to form a ridge or crest by underlying
endothelial cells. Capillary angiogenesis stimulated by epithelium-derived Vegf-
A coupled with growth of epithelial cells induced by endothelium-derived
paracrine factors such as Hgf causes formation and growth of the septae.
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be related to a defect in vascular development, as treatment with
angiogpoetin-1 (Ang-1) and Fibroblast Growth Factor-2 (Fgf-2)
causes increased vascular development in cultured Shh-null
lungs and rescues the branching defects (van Tuyl et al., 2006).
This phenotypic rescue requires treatment with both Ang-1 and
Fgf-2, even though only Ang-1 is decreased in the Shh-null
lungs. This suggests that Shh may regulate the distribution of
Fgf-2 or it may regulate the expression of another angiogenic
whose activity can be replaced by additional exogenous Fgf-2.
Based on electron microscopic studies of alveolar structures,
sprouting capillary growth has been associated with the formation
of secondary septae during alveologenesis (Burri, 1974). Our data
provide evidence that capillary angiogenesis is necessary for the
formation of primary septae during sacculation. Given the
similarity between primary and secondary septation, capillary
angiogenesis may also be required for secondary septation during
alveologenesis. Indeed, previous studies using inhibitors of
angiogenesis or of Vegf-A signaling have shown that inhibition
of angiogenesis results in impaired alveolar formation (Jakkula et
al., 2000; LeCras et al., 2002;McGrath-Morrow et al., 2005).One
significant difference between sacculation and alveologenesis is
the role of elastin. Previous studies show that proper assembly
and organization of elastic fibers is necessary for alveolar
morphogenesis (Nakamura et al., 2002; Neptune et al., 2003;
Wendel et al., 2000; Yanagisawa et al., 2002). However, this is not
likely the case in primary septae formation during sacculation,
since sacculation in elastin-deficient mice is well preserved
(Wendel et al., 2000). In addition, the Vegf SP-C-Δ/Δ lung had
normal elastin deposition along the saccular walls and at the tip of
the primitive septae (H. Yamamoto et al., unpublished observa-
tions). Nevertheless, elastin is no doubt an essential component
for the elasticity of the alveolar walls. This elastic propertymay be
needed to support the thin alveolar structure against mechanical
stretch during respiration.
Deficient pulmonary capillary development in the Vegf SP-
C-Δ/Δ lung is associated with a decrease in lung epithelial and
mesenchymal cell proliferation as well as decreased expression
of Hgf. We found that lung endothelial cells express Hgf, and
that Hgf signaling in respiratory epithelium is necessary for
normal septae formation. These results suggest that Hgf may
serve as an endothelium-derived factor that signals to the
epithelium to coordinate epithelial and vascular development.
However, we cannot rule out the possibility that Hgf expression
by other lung cells also contributes to the regulation of epithelial
development. Selective inactivation of the Hgf gene in lung
endothelial cells would allow determination of the essential
cellular source of Hgf in primary septae formation. Sinusoidal
endothelial cells in the liver have been shown to stimulate
hepatocyte growth by releasing Hgf upon activation of the Vegf-
A receptor Flt-1 (LeCouter et al., 2003). Our data suggest that
lung endothelial cells might also use a similar paracrine factor to
regulate epithelial development during lung morphogenesis.
Hgf may stimulate lung epithelial proliferation. In addition,
Hgf/c-Met signaling has been implicated in stimulating tubule
formation both in vitro and in vivo through a wide range of
actions (Rosario and Birchmeier, 2003). Thus Hgf may alsoparticipate in epithelial development by exerting other cellular
effects besides stimulation of cell proliferation.
The lungs develop by two fundamental mechanisms: branch-
ing morphogenesis to generate the conducting airways and
septation to generate the alveoli comprising the gas exchange
region. Mechanism of septation is not well understood. Our data
show that capillary angiogenesis is necessary for normal septae
formation and is dependent on epithelium-derived Vegf-A. We
propose the following model of septae formation in comparison
to branching morphogenesis (Fig. 6). In branching morphogen-
esis, the epithelial sheet actively invaginates into the mesench-
yme upon receiving mesenchymal chemoattractive signals such
as Fgf-10 (Bellusci et al., 1997). When the expression of Fgf-10
relocalizes, the epithelium bifurcates toward the new chemoat-
tractive sources, and a cleft is formed at the now growth-
arrested previous tip (Fig. 6A). In the case of septae formation,
the epithelial sheet is rather ‘passive,’ and the mesenchyme is
more ‘active.’ The epithelium is pushed up to form a ridge by
evaginating capillary endothelial cells in the mesenchyme, and
continuing angiogenesis further pushes up this ridge to form a
septae. During this process, capillary growth is stimulated by
epithelium-derived Vegf-A. Reciprocally, endothelial cells
might release paracrine factors such as Hgf to coordinate
epithelial growth (Fig. 6B).
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